in Arabidopsis thaliana 3 4 Running title 5 Arabidopsis IQD5 controls pavement cell shape 6 7 Highlight 8 Microtubule-localized Arabidopsis IQ67 DOMAIN5 regulates pavement cell morphogenesis in 9 the leaf epidermis and links calcium-calmodulin signaling to lobe initiation and asymmetric 10 expansion during early phases of interdigitated cell growth. Abstract 13 Plant microtubules form a highly dynamic intracellular network with important roles for 14 regulating cell division, cell proliferation and cell morphology. Its organization and dynamics are 15 coordinated by various microtubule-associated proteins (MAPs) that integrate environmental and 16 developmental stimuli to fine-tune and adjust cytoskeletal arrays. IQ67 DOMAIN (IQD) proteins 17 recently emerged as a class of plant-specific MAPs with largely unknown functions. Here, using 18
quantitative Real-Time (qRT)-PCR, conditions were selected as described in Bürstenbinder et al. 152 (2017b) and following primers were used: IQD5, IQD1777 (CAACTAAAGCCAACCGAGCA-153 3') and IQD1778 (GGTTTTGGGCAGATTTTTCC-3'), PP2A A015 154 (AGCCAACTAGGACGGATCTGGT-3') and A016 . 155 In brief, 3 to 5 shoots of 2-week-old plants were pooled for RNA extraction. 2 µg of DNAseI-treated RNA were reverse transcribed with oligo-dT-primers using Revert Aid First Strand cDNA Microscopy, staining procedures and image analysis 164 Whole mount GUS staining of seedlings and plants was performed as described in Bürstenbinder 165 et al. (2017b) . Plant materials were cleared in chloral hydrate, and roots and seeds were imaged 166 with a Zeiss axioplan 2 microscope using a DIC objective. Imaging of whole seedlings, leaves, 167 flowers and siliques was performed with a Nikon SMZ 1270 stereo microscope.
168
Confocal imaging was performed with a Zeiss LSM 780 inverted microscope using a 40x 169 water immersion objective, unless stated otherwise. Generation of YFP-IQD5, Y N -TRM1, and 170 mCherry-CaM2 is described in Bürstenbinder et al. (2017b) and Gantner et al. (2017) . GFP was 171 excited using a 488 laser and emission was detected between 493 and 555 nm. YFP was excited 172 by a 514 nm laser, and emission was detected between 525 and 550 nm. For mCherry excitation, 173 a 555 nm laser was used, and emission was detected between 560 and 620 nm. Fluorescence
174
intensities of IQD5-GFP and GFP-MAP4 adjacent to the periclinal wall at convex and concave 175 sides of lobes were quantified according to Armour et al. (2015) . Average fluorescence 176 intensities were measured with FiJi (Schindelin et al., 2012) in a total of 10 cells from 5 177 independent seedlings, and 5 lobes per cell were analyzed. The Gehl et al. (2009) co-expression assays, mCherry and GFP fluorescence were recorded in the sequential mode.
181
For visualization of cell contours, cell outlines were visualized by PI staining as described 182 in Bürstenbinder et al. (2017b) , and imaged with a 20x objective (5 -10 days after germination 183 (DAG)) or with a 40x objective (2 and 3 DAG). PI was excited with a 555 nm laser, and emission 184 was detected between 560 and 620 nm. Segmentation, feature quantification, and graphical 185 visualization of PC shapes were conducted with the ImageJ plugin PaCeQuant and the associated 186 R script (Möller et al., 2017) . For cells in cotyledons 5 to 10 DAG and in the 3rd true leaf the threshold for size filtering implemented in PaCeQuant was set to the default value of 240 µm 2 .
188
For cells in cotyledons 2 and 3 DAG, the threshold for size filtering was reduced to 75 µm 2 . respectively. Subsequently, seedlings were co-stained with PI stain to visualize cell contours.
198
Dissected cotyledons were imaged with a Zeiss LSM 700 inverted microscope, using a 40x water determined ,and the fluorescence intensity value of the pixel is added to the total intensity sum of 207 each of these regions. Finally, an average intensity value for the boundary of each cell region is 208 calculated by dividing the intensity sum of the region through the total number of pixels that 209 contributed to the specific region, which we implemented in MiToBo (Möller et al., 2016) . Structural prediction of the IQ67 domain of IQD5 spanning amino acids E87 to L153 was 213 performed using PHYRE2 (Kelley et al., 2015) , which revealed highest similarities with the 214 crystal structures of the CaM binding domains of mouse myosin V (PDB:2IX7, 99.5% similarity) 215 (Houdusse et al., 2006) and mouse myosin-1c (PDB:4R8G, 99.8%) (Lu et al., 2015) . The 216 predicted structure of the IQ67 domain of IQD5 was aligned with PDB:2IX7, which contains the 217 crystal structure of apo-CaM bound to the first two IQ motifs of myosin V, using PyMol (DeLano, 2009) . CaM was fitted to adjust for the different spacing of IQ-motifs by 11 and 12 amino acids in the CaM binding domains of IQD5 and myosin V, respectively.
220
Expression of GST-IQD5 and in vitro CaM binding assays were performed according to 221 Levy et al. (2005) . Generation of IQD5 pENTR vectors is described in Bürstenbinder et al. 222 (2017b). The CDS of IQD5 was mobilized into the pDEST15 vector (Invitrogen) to generate an 
IQD5-GFP localizes to cortical microtubules 262
To examine the subcellular localization of IQD5, we generated a fluorescent protein fusion 263 construct, in which GFP was fused to the C-terminus of IQD5 within a genomic fragment 264 containing the native IQD5 short promoter (Fig. 2 ). The pIQD5::IQD5-GFP construct was 265 introduced into an iqd5 knockout background to avoid dosage-effects of IQD5 copy-number (Fig. 266 2A and 2B). We obtained two independent Arabidopsis T-DNA insertion lines for IQD5, which 267 we termed iqd5-1 and iqd5-2 ( Fig. 2A ). RT-PCR analysis revealed complete absence of full- to tubulin subunits and prevents MT polymerization (Morejohn et al., 1987) , abolished IQD5-GFP localization to filaments, while MTs remained intact upon mock treatment (Fig. 2D ).
281
Transgenic pCaMV 35S::GFP-MAP4 (Marc et al., 1998) Fig. 2E and 2F) . Similarly, cortical
292
MTs accumulate at convex sides of necks during PC development, and growth is largely 293 restricted at these neck regions (Armour et al., 2015) .
295
Loss of IQD5 causes aberrant PC shape 296 To assess whether IQD5 contributes to growth regulation of PCs, we analyzed PC shapes in 297 cotyledons of iqd5 mutants and of the two pIQD5::IQD5-GFP/iqd5-1 lines. Cell outlines were 298 visualized by PI staining, and groups of PCs on the adaxial side of cotyledons from 5-day-old 299 seedlings were imaged by confocal microscopy (Fig. 3A) . Quantification of PC shape features 300 with PaCeQuant (Möller et al., 2017) , an ImageJ-based open source tool that we developed for 301 fully automatic quantification and graphical visualization of PC shape features, revealed that cell 302 expansion was largely unaffected in iqd5 mutants, as evidenced by similar sizes of individual 303 cells and similar size distributions (Fig. 3B) . Cell shapes on the other hand differed strongly in 304 both iqd5 mutant alleles when compared to WT or the two independent pIQD5::IQD5-GFP/iqd5-305 1 lines. The average number of lobes was moderately reduced from 15 lobes per cell in WT to 13 306 lobes per cell in iqd5 mutants (Fig. 2C ). In addition, iqd5 mutants displayed a strongly reduced 307 growth of lobes, indicated by an ~30% reduction of average lobe length (Fig. 2D ). The width of 308 the cellular core region, measured as minimum ( Fig. 3E ) and maximum (Fig. S3A ) core width,
309
were increased by 35% and 22%, respectively. The reduced lobe growth and more uniform 310 expansion of individual PCs is reflected by increased cellular circularity ( Fig. 2F ) and solidity ( Fig. S3A) , and a less irregular cell contour as reflected by a reduced margin roughness ( Fig. cotyledons. Analysis of pIQD5 short ::GFP-GUS revealed promoter activity in cotyledons and in 343 the shoot apical meristem between 2 and 10 DAG (Fig. 4B ). Thus, our data demonstrate that 344 IQD5 is expressed early during cotyledon development and that loss of IQD5 causes reduced 345 lobe initiation and asymmetric expansion during early growth phases. Cotyledons resemble true leaves in many aspects and thus provide a convenient system to study 349 leaf development (Tsukaya et al., 1994) . However, while cotyledons emerge in embryogenesis,
350
true leaves post-embryonically differentiate from the shoot apical meristem and, unlike 351 cotyledons, differ in their final leaf shape (Tsukaya, 2002) . Moreover, some mutations affect 352 exclusively the development of cotyledons or true leaves (Tsukaya, 1995) . To test if IQD5 also 353 functions in true leaf development, we analyzed PC shape in rosette leaves of 3-week-old plants 354 (Fig. 5A) . Morphologically, the first two true leaves in Arabidopsis are similar to cotyledons 355 (Kerstetter and Poethig, 1998; Poethig, 1997) , and phenotypes in some rosette leaf-specific 356 mutants are only visible beyond the second true leaf (Guo et al., 2015) . To reflect characteristics 357 of true leaves, we thus focused on the third rosette leaf and analyzed PC shape on the adaxial side 358 (Fig. 5C ). Quantification of PC shape features revealed similar shape defects in rosette leaves as 359 observed for cotyledons. Loss of IQD5 caused a reduced initiation of lobes, as indicated by 360 reduced lobe counts in iqd5-1 and iqd5-2 mutants when compared to WT (Fig. 5F) , and the 361 average lobe length of iqd5 mutants was reduced ( Fig. 5G) . Reduced formation and growth of 362 lobes was additionally reflected by increased circularity (Fig. 5D ) and solidity ( Fig. S9A) 
Reduced growth restriction correlates with altered cellulose deposition
MTs guide cellulose synthase complexes and determine the deposition and direction of newly 374 forming cellulose fibrils in the cell wall (Endler and Persson, 2011; Gutierrez et al., 2009; 375 Paredez et al., 2006) . In PCs, cellulose microfibrils accumulate in neck regions at the interface of 376 anticlinal and outer periclinal walls (Panteris et al., 1993) , which correlates with sites of MT 377 bundling and local restriction of cell expansion (Armour et al., 2015; Qiu et al., 2002) . Because 378 IQD5-GFP preferentially accumulates in neck regions and mutants defective in iqd5 display 379 shape defects reminiscent of decreased growth restriction at necks, we aimed to investigate 380 whether IQD5 affects cellulose deposition. Staining with calcofluor white, a dye used for 381 visualization of cellulose fibrils (Anderson et al., 2010; Seagull, 1986) , revealed reduced staining 382 intensities in iqd5-1 and iqd5-2 when compared to WT, which were reverted to WT levels in the 383 complementation line (Fig. 6A ). To quantitatively assess differences in fluorescence intensities at (Anderson et al., 2010) , which are the 390 building blocks of callose and cellulose, respectively. To test whether lesions in iqd5 specifically 391 affect cellulose deposition, we included aniline blue staining to visualize callose (Wood, 1984) 392 and quantified fluorescence intensities. No differences in callose deposition were observed in the 393 mutants when compared to the WT or the complementation lines (Fig. 6B, E) . Similarly, only 394 minor differences (5-10%) in fluorescence intensities were observed upon auramine O staining, 395 which labels the cuticle (Considine and Knox, 1979) . Taken together, our data suggest that the repetitive arrangement of predicted CaM binding motifs . In IQD5, the IQ67 403 domain contains three copies each of three different classes of CaM interacting motifs, including arrays, possibly via hormone-induced Ca 2+ signals (Bürstenbinder et al., 2017a; this study) .
532
Intriguingly, a recent study by Sugiyama et al. (2017) provides first indications for functions of 533 IQD13 in spatial control of ROP signaling domains required for cell wall patterning during vessel 534 development. A similar mechanism might apply to IQD5 during PC shape formation, thereby 535 providing a potential link between auxin action, Ca 2+ signaling and ROP GTPase activation.
536
Collectively, our work identifies IQD5 as a novel regulator of PC shape and potential hub for 537 coordination of cellular signaling, cytoskeletal reorganization, and cell wall remodeling. Our 538 work thus provides a framework for future mechanistic studies of cellular signaling networks and 539 of the cell wall-PM-MT continuum, which will aid a more holistic understanding of cellular 540 processes guiding shape complexity. with CaM at microtubules points to important roles of Ca 2+ signaling during shape establishment.
